Mequindox (MEQ) is a synthetic antimicrobial agent widely used in China since the 1980s. Although the toxicity of MEQ is well recognized, its testis toxicity has not been adequately investigated. In the present study, we provide evidence that MEQ triggers oxidative stress, mitochondrion dysfunction and spermatogenesis deficiency in mice after exposure to MEQ (0, 25, 55, and 110 mg/kg in the diet) for up to 18 months. The genotoxicity and adrenal toxicity may contribute to sperm abnormalities caused by MEQ. Moreover, using LC/MS-IT-TOF analysis, two metabolites, 3-methyl-2-(1-hydroxyethyl) quinoxaline-N4-monoxide (M4) and 3-methyl-2-(1-hydroxyethyl) quinoxaline-N1-monoxide (M8), were detected in the serum of mice, which directly confirms the relationship between the N→O group reduction metabolism of MEQ and oxidative stress. Interestingly, only M4 was detected in the testes, suggesting that the higher reproductive toxicity of M4 than M8 might be due to the increased stability of M4-radical (M4-R) compared to M8-radical (M8-R). Furthermore, the expression of the blood-testis barrier (BTB)-associated junctions such as tight junctions, gap junctions and basal ectoplasmic specializations were also examined. The present study demonstrated for the first time the role of the M4 in testis toxicity, and illustrated that the oxidative stress, mitochondrion dysfunction and interference in spermatogenesis, as well as the altered expression of BTB related junctions, were involved in the reproductive toxicity mediated by MEQ in vivo.
INTRODUCTION
Mequindox (3-methyl-2-acetyl-N-1,4-dioxyquinoxaline, C 11 H 10 N 2 O 3 ; MEQ) (Figure 1) is structurally similar to QdNOs, a group of chemicals consisting of one or two acyclic chain moieties combined with a quinoxaline ring. QdNOs are synthetic agents with a wide range of biological properties including antibacterial, anti-candida, anti-tubercular, anti-cancer, anti-protozoal and growth-promoting activities (Wu et al., 2007; Vicente et al., 2009; Wang et al., 2011a Wang et al., , 2015 Wang et al., , 2016d Cheng et al., 2015; Liu Q. et al., 2016) . Four QdNO derivatives, CBX, OLA, QCT and cyadox (CYA), have been developed for use in livestock and poultry farming, contributing to their significant antibacterial abilities and growth-promotion properties Zhang et al., 2015) . However, CBX and OLA have been banned in foodproducing animals by European Commission since 1998 because of their potential genotoxic and carcinogenic toxicity (Wang et al., 2016d) . MEQ is a relatively new synthetic antibacterial agent that was widely applied in China in pigs and chickens owing to its strong inhibitory effect against both gram-positive andnegative bacteria (Ihsan et al., 2010 (Ihsan et al., , 2013 Huang et al., 2015) .
A large amount of evidence has suggested that the N→O group reduction is a major concerned metabolic pathway of QdNOs (Cheng et al., , 2016 Liu Q. et al., 2016) ; accompanying this, some ROS and radical intermediates have emerged that ultimately cause oxidative stress (Liu et al., 2017) . It was revealed that oxidative stress plays a critical role in the damage caused by QdNOs such as apoptosis, DNA and lipid damage in vitro and in vivo (Chowdhury et al., 2004; Azqueta et al., 2007; Yang et al., 2013; Zhang et al., 2014; Wang et al., 2015; Liu et al., 2017) . The genotoxicity induced by QCT, OLA and MEQ was found to be closely related to oxidative stress Huang et al., 2010; Liu W.Y. et al., 2012; Dai et al., 2015; Yang et al., 2015; Wang et al., 2016d) . In a recent study to investigate the mechanism of genotoxicity induced by QCT, the production of ROS during the metabolism of QCT by xanthine oxidoreductase (XOR) was considered a main factor in DNA strand breakage (Wang et al., 2016d) . Thus, it was suspected that oxidative stress may be involved in the reproductive toxicity in mice after chronic exposure to MEQ.
Importantly, apart from oxidative stress, the N→O group reduction metabolites of QdNOs were also found to be associated with their toxicity (Hao et al., 2006; Chen et al., 2008 Chen et al., , 2009 Zhang et al., 2012 Zhang et al., , 2015 Wang et al., 2015; Liu Q. et al., 2016; Liu et al., 2017) . The primary metabolites of MEQ, N1-MEQ and bidesoxy-mequindox, exhibited genotoxicity in in vitro and in vivo short-term tests (Liu Q. et al., 2016) . We recently showed that 2-isoethanol 1-desoxymequindox (M4) and 2-isoethanol 4-desoxymequindox (M8) (Figure 1) were involved in liver toxicity in mice after exposure to MEQ for 11 months (Liu et al., 2017) . It was revealed that oxidative stress and metabolites of MEQ were regarded as important toxicity mechanisms in in vivo models of the adrenal gland (Huang et al., 2009) , liver (Wang et al., 2011b; Liu et al., 2017) , spleen (Wang et al., 2011b) , and endocrine and reproductive system . The in vitro adrenal toxicity study on H295R cells that originated from a human adrenocortical carcinoma has further confirmed this conclusion (Wang et al., 2016c) . Therefore, the metabolites and oxidative stress were thought to participate in reproductive toxicity caused by MEQ. However, to date, the mechanism underlying the correlations of these two factors in the reproductive toxicity induced by MEQ in vivo still remains unclear.
A previous in vitro study reported that MEQ could be metabolized into 10 metabolites after incubation with liver microsomes of pigs, chickens, and rats (Liu Z.Y. et al., 2010) . Among these metabolites, M4 was identified as a common and major metabolite of MEQ in vivo by quantitative analysis using isotopic tracing (Huang et al., 2015) . A total of five metabolites without intact MEQ had been identified in chicken plasma samples by high performance liquid chromatography combined with ion trap-time of flight-mass spectrometry (Liu Y.C. et al., 2010) . Additionally, MEQ and its six metabolites were detected in plasma samples of rats after a single i.v. and p.o. administration of MEQ at the dose of 10 mg/kg b.w. . Recently, in a study to investigate the metabolism, distribution, and elimination of MEQ in vivo, intact MEQ was present in both urine and feces in rats, in urine at a comparable low level in pigs, and no intact MEQ was observed in the excreta and tissues in chickens (Huang et al., 2015) . MEQ was metabolized extensively in animals with a generation of 13 metabolites and most of the metabolites were found consistently in pigs, rats, and chickens, demonstrating that the main metabolism route are similar in different species (Huang et al., 2015) . Regarding the reproductive toxicity induced by MEQ, only one study has been conducted and demonstrated that the chronic exposure of MEQ triggered reproductive toxicity in male rats , suggesting a certain risk of chronic MEQ exposure on the fertility of animals and human. MEQ is widely used in animal production in China for many years Wu et al., 2012; Li et al., 2014; Wang et al., 2016b) , however, its reproductive toxicity has not been adequately investigated. To our knowledge, a previous study revealed that 2-isoethanol 4-desoxymequindox (M11), a metabolite of MEQ, was detected in the testis of wistar rats , suggesting that MEQ may disrupt the BTB in the testes in vivo. Therefore, the objective of this study was to clarify the reproductive toxicity of MEQ in vivo, and to further elucidate the role of BTB-associated junctions and the potential toxic metabolites of MEQ in the testis of male mice, which will improve the prudent use of MEQ for public health.
Based on the above information, we hypothesized that the MEQ may induce reproductive toxicity in male mice. The metabolites of MEQ and oxidative stress involved in the metabolism of MEQ may disrupt the BTB in testes of mice. In the present study, we comprehensively evaluated the reproductive toxicity in Kunming mouse after exposure to MEQ for 18 months. To verify the above hypothesis, we investigated (1) the effect of MEQ on body and testis weight, and histological structures in testes, (2) the effect of MEQ on ultrastructural changes in testes by TEM observations, (3) the activity of MDA and 8-OHdG in serum, (4) the identification of metabolites of MEQ in the serum and testis by LC/MS-IT-TOF analysis, and (5) whether MEQ changed the mRNA expression of BTB-associated genes including basal ESs (N-cadherin, α-catenin and β-catenin), GJs (Connexin-43), and TJs (CAR, F11R, Occludin and ZO-1) in the testes of mice.
MATERIALS AND METHODS

Chemical Reagents
Mequindox (C 11 H 10 N 2 O 3 , molecular weight 218.21 g/mol, CAS No: 60875-16-3, purity 98%) was obtained from Beijing Zhongnongfa Pharmaceutical Co., Ltd. (Huanggang, China). Bouins' solution, glutaraldehyde, cacodylate, acetonitrile, formic acid, trichloroacetic acid and dichloromethane were purchased from Sigma (St. Louis, MO, United States).
Test Animals
Forty specified pathogen-free (SPF) Kunming male mice (6-to 7-weeks-old, 30 ± 5 g) were purchased from the Center of Laboratory Animals of Hubei Province (Wuhan, China). The individual body weight (BW) of each mouse was within ±20% of the average. The mice were maintained in a room conditioned at 22 ± 3 • C, a relative humidity of 50% ± 20%, and a 12 h light/dark cycle. The mice were housed five per group per sex in shoebox cages with hardwood shavings as bedding. The shoebox consisted of polypropylene PP plastics, and the box lid is stainless steel with many fences. The box size is 290 mm × 180 mm × 160 mm. Food and tap water were supplied ad libitum. The diet were purchased from the Center of Laboratory Animals of Hubei Province (Wuhan, China). Prior to use, the tap water and bedding material were autoclaved by high temperature sterilizing oven, and the diet was sterilized by ultraviolet light. All animal work was in compliance with the NIH Publication "The Development of Science Based Guidelines for Laboratory Animal Care" (NRC, 2004) . The experimental procedures involving mice were performed in accordance with the guidelines of the Committee on the Care and Use of Laboratory Animals of China (permit SYXK 20070044) . In the present study, the mice were handled in accordance with the protocols approved by the Ethical Committee of the Faculty of Veterinary Medicine (Huazhong Agricultural University).
Experimental Design
According to the Organization for Economic Cooperation and Development (OECD) Guideline 453 and Procedures for toxicological assessment of food in China, the high-dose level should cause some toxic effect performance or damage, and the low-dose group may not show any toxic effects, but should be 1-3 times greater than the clinical dose (GB15193.17, 2003; OECD, 2009) . In a previous sub-chronic and chronic toxicity study, MEQ in 110 mg/kg diet made an increase in plasma potassium (K + ) level without growth inhibition, and this dose was determined to be no-observed-adverse-effect level (Ihsan, 2011) . Therefore, the 110 mg/kg diet was selected as the high dose, and 55 mg/kg for the middle and 25 mg/kg for the low dose, respectively.
Prior to the initiation of dosing, mice were evaluated for any signs of disease and weight gain by being quarantined for 1 week. After acclimatization for 1 week, the male Kunming mice were randomly divided into four groups (n = 10), including a control group and three MEQ treated groups. The control group received the basic diet without feed additives. Three MEQ treated groups were administered the same diet supplemented with 25, 55, and 110 mg/kg MEQ, respectively. The treatment period lasted for 18 months. Symptoms and/or mortality were observed and carefully recorded each day during the 18 month period.
Preparation of Testes
Following 18 months of MEQ administration, the mice were weighed and sacrificed after being anesthetized. After weighing the body and testes, the relative of testis weight was calculated as the ratio of testes (wet weight, mg) to BW (g). The testes were excised, rinsed in phosphate buffered saline (PBS), and quickly frozen at −70 • C.
Histopathological Examination
The histopathological tests were performed using standard laboratory procedures. The right testis from the males (n = 5) were immediately fixed in Bouins' solution for 24 h. After fixation, the testes were rinsed by running water and embedded in paraffin blocks, then sliced into 5 µm thick sections and placed onto glass slides with hematoxylin-eosin (HE) staining. Finally, the morphological alterations of testes were observed under an optical microscope (Olympus BX 41, Japan).
Transmission Electron Microscope (TEM) Observation
The right testis from other males (n = 5) fixed with 2.5% glutaraldehyde in 0.1 mol/dm 3 cacodylate buffer for 4 h, then followed by washing three times with 0.1 mol dm cacodylate buffer (pH 7.2-7.4) and being placed in 1% osmium tetraoxide for 1 h. A graded series of ethanol (75, 85, 95 , and 100%) was used to dehydrate the specimens and they were then embedded in Epon 812. Ultra-thin sections (70 nm) were contrasted with lead citrate for 10 min and uranyl acetate for 30 min, before being observed with an H-7650 TEM (Hitachi, Japan).
Oxidative Stress Assay
Malondialdehyde and 8-OHdG kits were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The effects of MEQ on the activity of 8-OHdG and MDA in the serum of male mice were examined. An assay of MDA level was performed using a commercial kit. 8-OHdG was assayed using commercial ELISA kits. The data were analyzed according to the manufacturer's instructions. The protein concentration in testes was determined using the BCA protein assay kit as standard.
LC/MS-IT-TOF Analysis of MEQ and Its Metabolites in Serum and Testis
The MEQ and its metabolites in the serum and testes were detected by the hybrid IT/TOF mass spectrometry coupled with a high-performance liquid chromatography system (Shimadzu Corp., Kyoto, Japan). The liquid chromatography system (Shimadzu) was connected with a DGU-20A3 degasser, a photodiode array detector (SPD-M20A), a solvent delivery pump (LC-20AD), an autosampler (SIL-20AC), a communication base module (CBM-20A) and a column oven (CTO-20AC).
Selection of Pretreatment Methods of Samples
In this study, the pretreatment methods of serum and testis were according to the previous studies (Liu Z.Y. et al., 2010; Ihsan et al., 2011) . In preliminary experiment, a total of 1.0 ppm MEQ standard was added into 200 µL of the serum and 0.1 g of the testis from the control group, respectively. After pretreatment using the same methods as described detailedly below, the mixture (200 µL) of serum and testis were prepared for LC/MS-IT-TOF analysis, respectively.
LC/MS-IT-TOF Analysis of MEQ and Its Metabolites in Serum
Here, 200 µL of the serum sample was mixed with 600 µL extraction reagent of acetonitrile and vortex-mixed for 5 min. Then, the solution was centrifuged at 10,000 × g for 15 min in a model omni mixer homogenizer 17106 (OMNI International, Waterbury, CT, United States) to collect the supernatant. The residual sediment was applied to extract MEQ and its metabolites again following the above steps. The supernatant from the two extractions was merged and dried using N 2 at 40 • C water baths. After drying, the residue was dissolved with 200 µL solution of LC-MS/MS mobile phase [acetonitrile: 0.1% formic acid (1:9, v/v)] to prepare for LC/MS-IT-TOF analysis.
LC/MS-IT-TOF Analysis of MEQ and Its Metabolites in Testis
Next, 0.1 g of the testis sample from the left testis from all males (n = 10) was homogenized with 4.5 mL of 40 • C distilled water at the speed of 10,000 × g for 3 min in a model omni mixer homogenizer 17106 (OMNI International, Waterbury, CT, United States). Then 0.5 mL trichloroacetic acid was added. After vigorous shaking, the homogenate was centrifuged at 10,000 × g for 15 min to collect the supernatant. The mixed reagent [dichloromethane: acetonitrile (2:1, v/v)] was used to extract MEQ and its metabolites twice. Then, 3.0 mL mixed reagent was added to the supernatant and vortex-mixed for 5 min. After vigorous shaking, the solution was centrifuged at 10,000 × g for 15 min to obtain the lower liquid. Then, the lower liquid from the two extractions was merged and dried using N 2 in a 40 • C water bath. The residue was reconstituted in 5 mL 5% methanol. The reconstitution fluid was applied to the methanol (3.0 mL) and water (3.0 mL) pre-washed HLB 3cc cartridge (Waters Corporation, Milford, MA, United States). The reconstitution fluid was then sequentially washed with 3.0 mL 5% methanol in water and 5 mL methanol. The extracts of testis were eluted into plastic tubes and evaporated to dryness under N 2 at 40 • C water baths. After drying, the residue was dissolved with 500 µL solution of LC-MS/MS mobile phase [acetonitrile: 0.1% formic acid (1:9, v/v)] and passed through a 0.22 µm filter membrane. The mixture (200 µL) was prepared for LC/MS-IT-TOF analysis.
Chromatographic Conditions
Separation of MEQ and its metabolites in the serum and testis was performed on a VPODS column (150 mm × 2.0 mm; particle size, 5 µm) using a gradient elution consisting of mobile phase A (0.1% formic acid in water) and mobile phase B (acetonitrile). The sample chamber in the autosampler was maintained at 4 • C, whereas the column was set at 40 • C. The gradient of the chromatographic condition was as follows: 0-5 min, linear gradient from 10 to 15% B; 5-15 min, linear gradient to 70% B; 15-18 min, linear gradient to 100% B; 18-23 min, 100% B; and 23-23.1 min, linear gradient back to 10% B. The entire analysis was completed in 30 min. PDA detection was performed from 200 to 400 nm. The 20 µL was applied as injection volume, and the flow rate was 0.2 mL/min. In the present study, M4 and M8 standards were not used.
The mass spectrometer was equipped with an electrospray ionization (ESI) source and operated in the positive mode. Mass spectrometric analyses were carried out by full-scan MS with a mass range of 10-500 Da and data-dependent MS/MS acquisition on the suspected metabolites ions. Liquid nitrogen was used as the nebulizing gas at a flow rate of 1.5 L/min. The capillary and skimmer voltages were set at 4.5 and 1.6 kV, respectively. The temperature of CDL and heat block remained at 200 • C. The MS 2 spectra were produced using collision-induced dissociation (CID) of the selected precursor ions using argon as collision gas with relative energy of 50%. The precursor ion isolation width at 1 Da and the ion accumulation time were set at 50 ms.
Data Acquisition and Processing
Prior to data acquisition, the external mass calibration was carried out using direct infusion of a reference standard from 50 to 1000 Da. The reference standard contained 0.1 g/L sodium hydrate and 0.25 mL/L trifluoroacetic acid. 5 µL/min was set as the flow rate of the infusion pump. After mass calibration with the reference standard, all calculated mass error was less than 5 ppm. The LC/MS solution version 3.41 software supplied with the instrument was used to data acquisition and processing. Any mass numbers corresponding to particular elemental composition were also calculated by the formula predictor, and would generate more than one formula proposed by the software. In the present study, an accuracy error threshold of ±20 ppm was set as a limit to the calculation of possible elemental compositions. The identification of MEQ and its metabolites were also based on the recent reports (Huang et al., 2015; Liu et al., 2017) .
Quantitative Real-Time PCR
The mRNA expression of genes related to BTB (e.g., N-cadherin, α-catenin, β-catenin, Connexin-43, CAR, F11R, Occludin and ZO-1) in mouse testes was measured. The levels of mRNA expression of the genes were determined by real-time quantitative reverse transcriptase-polymerase chain reaction (RT-PCR). Total RNA from the left testis from all males (n = 10) was extracted using the Trizol Reagent according to the manufacturer's instructions. One microgram of RNA was reverse-transcribed to cDNA with the use of ReverTra Ace TM First Strand cDNA Synthesis Kit (Promega, United States). Synthesized cDNA was used for RT-PCR (Bio-Rad, United States) with the SYBR R Premix Ex Taq TM RT-PCR kit (Takara, CodeDRR041 A, Japan).
The Primer Express Software was applied to design the mice specific primers according to the software guidelines ( Table 1) . Each 25 µL reaction mixture consisted of 12.5 µL SYBR R Premix Ex Taq TM , 1.0 µL of each primer (10 µm), 2.0 µL of cDNA, and 8.5 µL RNase-Free H 2 O. For N-cadherin, α-catenin and β-catenin, the cycling conditions were as follows: step 1, 30 s at 95 • C; step 2, 45 cycles at 95 • C for 5 s, and 61 • C for 30 s; and step 3, dissociation stage. For Connexin-43, F11R, Occludin and ZO-1, the cycling conditions were as follows: step 1, 30 s at 95 • C; step 2, 45 cycles at 95 • C for 5 s, and 60 • C for 30 s; and step 3, dissociation stage. For CAR, the cycling conditions were as follows: step 1, 30 s at 95 • C; step 2, 45 cycles at 95 • C for 5 s, and 55 • C for 30 s; and step 3, dissociation stage. In this study, the housekeeping gene β-actin was used as an internal calibrator reference gene for the expression profiling of genes.
Following amplification, a melt curve analysis with the complementary computer software was applied to determine the authenticity of the amplified product described as its specific melting temperature (Tm). The threshold cycle of genes and the difference between their Ct values ( Ct) were counted. Relative quantitative analyses of gene expression were performed using 2 − Ct data analysis method in accordance with previous reports (Huang et al., 2009; Wang et al., 2011b Wang et al., , 2016c .
Statistical Analysis
Statistical analysis was performed using SPSS 13.0 for Windows. All results are expressed as means ± SD. Group differences were assessed by one-way analysis of variance (ANOVA) followed by the least significance difference (LSD) test. P < 0.05 was considered statistically significant.
RESULTS
Body Weight, Absolute Testes Weight and Relative Testis Weight
The final BW, absolute testis weight and relative testis weight of male mice after the administration of MEQ for 18 months are shown in Figure 2 . The relative testis weight was expressed as milligrams (wet weight of testes mg)/(grams BW, g). Compared with the control group, the body and testis weights as well as relative testis weight were decreased in the MEQ treated groups. A significant reduction in absolute testis weight and relative testis weight were noted in the 110 mg/kg group (p < 0.05), and a significant decrease in BW was observed in the 25 mg/kg MEQ group (p < 0.01).
Histological Evaluation
As shown in Figure 3 , significant histopathological changes in testes were observed in half of the male mice of all the MEQ-treated groups. In the control testes, normal testicular interstitial and seminiferous tubules contained a larger number of developing sperm cells in the stratified epithelium and in the lumen of tubules ( Figure 3A) . The Sertoli cells and spermatogenic cells were arranged in an orderly manner in the seminiferous tubules ( Figure 3A) . Compared with the control group, with broadened interstitial testicular tissue, a few vacuoles in seminiferous tubules, and the irregular arrangement and decreased number as well as the reduced layers of sperm spermatogenic cells in lumen were found in mice treated with 25 mg/kg ( Figure 3B) . The most obvious damage to testicular structure was found in the 55 and 110 mg/kg groups. The spermatogonia and spermatocytes in the lumen showed necrosis, while the residual spermatocytes entered the central lumen. The sperm in the lumen disappeared in most seminiferous tubules ( Figure 3C ). Serious pathological changes in seminiferous tubule cells included the disorganization of germinal epithelium, atrophy of the seminiferous tubule, and completely absent spermatogenic cells with the left red stained filamentous protein ( Figure 3D ). The significant reduction in the number of sperm and the enlarged of testicular interstitial indicated the destruction of BTB in testes after chronic exposure to MEQ.
Ultrastructural Alterations
The ultrastructural changes of the mitochondria, sperm morphology and BTB in the testes of male mice after the administration of 25, 55, and 110 mg/kg MEQ for 18 months were studied by TEM. The mitochondria exhibited swelling, vacuoles, loss of crests, and damaged membrane structure in the 110 mg/kg group ( Figure 4B) . Sperm in mice testes from the control group exhibited integral membranes and normal sizes (Figure 4a ). In the 110 mg/kg group, the sperm showed an obvious abnormal morphological structure with dissolving membranes. Additionally, as shown in Figure 5 , there were no visible BTB-associated junctions in the 110 mg/kg group ( Figure 5B ). This finding indicated that the mitochondrial damage, sperm abnormity and destroyed integrity of BTB were involved in the reproductive toxicity mediated by MEQ.
Oxidative Stress Indices
The effect of MEQ on the levels of 8-OHdG and MDA in serum of male mice was shown in Figure 6 . Compared with the control group, significant increased levels of MDA in the serum were markedly elevated at all MEQ treated groups (p < 0.01). The remarkable induced levels of 8-OHdG were noted at 25 and 55 mg/kg groups (p < 0.05), and 110 mg/kg group (p < 0.01). These results show that the oxidative stress was triggered in male mice after chronic administration of MEQ.
MEQ and Its Metabolites in Serum and Testes
To verify the hypothesis that MEQ may pass through the BTB into the testes to cause reproductive toxicity, we identified MEQ and its metabolites in serum and testis by LC/MS-IT-TOF analysis according to the retention times and fragment ions. As showed in Supplementary Figure S1 , the accurate extracted mass chromatograms (EICs) of MEQ standard was similar to those in control samples (serum and testis) that were added to MEQ standard, indicating that the pretreatment methods of serum and testis can't affected the structure of MEQ, which was consistent with the previous studies (Liu Z.Y. et al., 2010; Ihsan et al., 2011) . The predicated elemental composition, measured masses, exact masses, and mass errors were indicated in Table 2 . The mass errors between measured and predicated masses of M4 and M8 were 3.4 and 4.9 ppm, respectively, which agree to within less than 6 ppm, providing support for the proposed elemental composition of the metabolites. The retention times and fragment ions information used in the identification of M4 and M8 were summarized in Table 3 . Metabolites of M4 and M8 showed [M+H] + ions at m/z 205, and had retention times of 4.5 and 7.7 min, respectively. As shown in Figures 7, 8 , MEQ showed The accurate MS 2 spectral for M4 and M8, and proposed fragmentation pathways of M4 and M8 were presented in to form m/z 188 ( Figure 9D) . The fragment ions at m/z 170 was formed by the loss of H 2 O (observed 18.0022 Da, predicated 18.0013) from m/z 188 ( Figure 9D) . The fragments and retention times of M4 and M8 detected in our study were consistent with those identified in the pigs and chickens after administration of [ 3 H]-MEQ by oral gavage (Huang et al., 2015) . Therefore, M4 and M8 were confirmed as M4, and M8, respectively.
The results showed that no MEQ was found in the serum and testis. Two metabolites (M4 and M8) were detected in the serum in MEQ exposure groups (Figure 7) , while only one metabolite (M4) was found in the testis after the administration of MEQ for 18 months (Figure 8) . These results indicated that M4 may be the toxic metabolite in the testes of mice that could pass through BTB to induce sperm aberration and reproductive toxicity.
The Expressions of BTB Related Genes
To confirm whether BTB is involved in MEQ-induced male reproductive toxicity in male mice, the mRNA expression of some BTB related genes (e.g., N-cadherin, α-catenin, β-catenin, Connexin-43, CAR, F11R, Occludin and ZO-1) were evaluated using RT-PCR (Figure 10 ). Exposure to MEQ significantly reduced the expression of N-cadherin and α-catenin in all of the treated groups (p < 0.01). Decreased mRNA expression of CAR, ZO-1 and β-catenin was observed in 25, 55, and 110 group, accordingly (p < 0.01). There was a marked increased level of Connexin-43 and F11R expression in both 25 and 55 mg/kg MEQ groups (p < 0.05 or p < 0.01). A significant increase in the expression level of Occludin was noted in the 55 mg/kg group (p < 0.05). These results support the findings of ultrastructural alterations at the highest dose level and indicate potential effects also on the structure and integrity of BTB at lower doses.
DISCUSSION
Previous studies have illustrated that oxidative stress and metabolites are associated with the in vitro toxicity in H295R cells (Wang et al., 2016c) , and in vivo toxicity in rats (Huang et al., 2009; Ihsan et al., 2011; Wang et al., 2011b ) and mice (Liu et al., 2017) . However, relatively little is known about the role of these two factors in the reproductive toxicity induced by MEQ in vivo. Although it has been documented that MEQ exposure induced male reproductive toxicity , it still remains unclear whether the testis is the primary cellular target for MEQ mediated-male reproductive toxicity. In the present study, the results demonstrated that the metabolites of MEQ, oxidative stress, mitochondrion dysfunction and spermatogenesis deficiency are involved in the reproductive toxicity in mice after the chronic administration of MEQ for up to 18 months. Additionally, it was suggested that M4, with higher reproductive toxicity than M8, might pass through the BTB to cause direct damage to the testes. Moreover, the adverse effect of toxic metabolites of MEQ on the testis was first noted, and the disrupted BTB further resulted in the invasion of M4 into the testes to invoke the subsequent abnormal spermatogenesis.
It has been documented that MEQ exposure induced reproductive toxicity in rats. Ihsan et al. (2011) reported that a significant reduction in the final body and testicular weight and a significant increase in the relative testicular weight were observed on Wistar rats. MEQ was found to change sperm morphology, decrease fertility, and alter the growth and development of the next generation (Ihsan, 2011) . In the present study, a reduction in BW, absolute testis weight, and the relative testis weight were observed when male mice were administered MEQ at doses of 25, 55, and 110 mg/kg for an extended period of time (Figure 2) . Herein, a reduction in BW suggested that even low dose of MEQ showed its toxicity after long exposure to mice. The histopathological evaluation of MEQ-treated mice showed marked testis damage, including broadened interstitial testicular tissue, a few vacuoles in the seminiferous tubules, and the necrosis of both spermatogonia and spermatocytes in the lumen (Figure 3) . Mitochondria are best known as multitasking organelles that participate in various cellular functions, such as ATP production, calcium homoeostasis, the generation of ROS, the intrinsic apoptotic pathway and steroid hormone biosynthesis (Amaral et al., 2013) . Scientific reports have revealed that the changes in mitochondrial integrity/functionality will result in physiological dysfunction, including infertility and the loss of sperm function (particularly with decreased motility) (Pena et al., 2009 Amaral et al., 2013; Plaza Davila et al., 2015) . In the MEQ-treated groups, the mitochondria exhibited swelling, vacuoles, loss of crests, and absolute dissolved mesenchyme in TEM analysis (Figure 4) . Therefore, the obvious ultrastructural changes in the mitochondria in the present study might be responsible for the deficiency in spermatogenesis caused by MEQ. Additionally, the obvious aberration and dissolution of sperm as well as the destroyed integrity of BTB were noted when male mice were exposed to MEQ for 18 months (Figures 4, 5) . Here, we not only proved the earlier findings that testis damage occurs after exposure to MEQ , but also firstly found that MEQ induced adverse effect on the mitochondrial and BTB, and caused toxicity to spermatogenesis, sperm development and sperm maturation.
It was illustrated that oxidative stress resulted in the serious damage to cellular macromolecules, such as DNA, lipids and proteins by causing disorder of the antioxidant defense system (Wang et al., 2015a) . Herein, our results showed that the levels of MDA and 8-OHdG were significantly increased in the MEQtreated groups (Figure 5) , suggesting an imbalance of redox in male mice. The generation of ROS and unstable oxygen-sensitive radical intermediates of QdNOs were considered critical in DNA damage (Ganley et al., 2001; Poole et al., 2002; Junnotula et al., 2009; El-Khatib et al., 2010; Cheng et al., 2015) . A lot of evidence suggested that the in vivo toxicity mediated by QdNOs was associated with oxidative stress. As the earlier findings suggested, the production of oxidative stress during the N→O reduction of QdNOs, was found to be a main factor in the QdNOs-mediated toxicity in testicular , spleen (Wang et al., 2011b) , adrenal (Huang et al., 2009; Wang et al., 2016a,c) , and liver (Wang et al., 2011b; Zhao et al., 2011; Liu et al., 2017) , as well as genotoxicity (Wang et al., 2016d) . Therefore, our data demonstrated that the oxidative stress triggered by MEQ may exhibit the toxicity to mitochondria, which is involved in the dysfunction of the reproductive system mediated by MEQ.
A lot of evidence suggested that the major metabolic pathway for QdNOs involves N→O group reduction (Cheng et al., , 2016 Liu Q. et al., 2016) , and that this type of metabolism is closely related to their toxicity (Hao et al., 2006; Chen et al., 2008 Chen et al., , 2009 . In this study, two metabolites of M4 and M8 were detected in the serum of male mice by LC/MS-IT-TOF analysis (Figure 7) , which directly confirms the potential connection of N→O group reduction metabolism of MEQ with its organ toxicity. As many studies suggested, the toxicity of QdNOs was associated with their metabolites when these substances were extensively metabolized in vivo (Huang et al., 2009 Liu et al., 2017) , and therefore, it comes important to understand the toxic metabolites, species differences and amount of toxic metabolites. The quantify of the toxic metabolites should be considered when determined the noobserved-adverse-effect-level (NOAEL) for reproductive toxicity of MEQ. However, the amount of the metabolites can't be made due to the M4 and M8 standards were not used in this study. Further study should be conducted to make the toxic metabolites of MEQ in vivo quantitative. M4 and M8 were recognized as toxic metabolites in mice liver after the administration of MEQ for 11 months (Liu et al., 2017) . In general, the drug is metabolized in the liver and then distributed into the blood. Here, the occurrence of M4 and M8 in the serum of male mice may be derived from the specific metabolic pathway of MEQ in the male liver under pathological conditions. Our recent study suggested that the specific metabolic pathway was considered an important consequence for the alteration of drug-metabolizing enzymes in response to the imbalance oxidative stress (Liu et al., 2017) . Therefore, during N→O group reduction of MEQ, the highly reactive radicals including MEQ radical intermediates, as well as O 2
•− and HO • , were generated and subsequently caused oxidative stress in mouse (Figure 11) . These findings further confirmed our previous report of the proposed metabolic pathway of MEQ in mice, suggesting the critical role of the metabolism in organ toxicity induced by MEQ.
Blood-testis barrier, one of the tightest blood-tissue barriers, is crucial to male fertility as it physically divides the seminiferous epithelium into basal and apical compartments (Saunders, 2003; Liu W.Y. et al., 2012; Lu et al., 2016) . The BTB prevents the diffusion of various endogenous and exogenous toxic substances from entering apical compartments, and was therefore considered as one of the most important pathways related to chemically induced reproductive toxicity (Siu et al., 2009; Lu et al., 2016; Zhang et al., 2016) . The integrity of the BTB is based on various junctions, forming TJs, GJs and basal ESs, to provide structural and nutritional support to germ cells (Cheng et al., 2011; Zhang et al., 2016) . The immunological and "fence" function of BTB is to facilitate spermiogenesis and spermiation during the epithelial cycle; dysfunction of the BTB will result in the disruption of spermatogenesis and infertility (Cheng and Mruk, 2012; Qiu et al., 2013) . Regarding the reproductive toxicity induced by MEQ, only one study has been conducted, which identified M11, an N→O reduction metabolite of MEQ, in the testis of wistar rats accompanying oxidative stress , suggesting that M11 may pass through the BTB. M11 is factually the same metabolite than M8 identified in the present study. However, relatively little is known about whether the testis is one of the main target organs of MEQ. Furthermore, it has been well recognized that there are generally species-specific differences in the metabolism of drugs. Thus, potential toxic metabolites of MEQ in the testis of male mice, and the role of BTB-associated junctions in reproductive toxicity after exposure to MEQ still need to be illustrated.
To investigate whether the testis is the primary cellular target for MEQ to induce reproductive toxicity, and whether MEQ could pass through the BTB, we identified the MEQ and its metabolites in the testes of male mice by LC/MS-IT-TOF analysis. In a study of the relationship between the metabolites of MEQ and liver damage, the M4 and M8 were determined in the liver of mice accompanying the oxidative stress (Liu et al., 2017) . Therefore, the M4 and M8 could be regarded as a biomarker of liver damage induced by MEQ. Herein, the M4 detected in the testes indicated a potential biomarker of reproductive toxicity caused by MEQ in male mice (Figure 8) . Therefore, apart from oxidative stress, the metabolite of M4 was another main factor in reproductive toxicity and the changes in testicular structure. M4 was a hydroxylated product of the side chain of N1-MEQ, a partially reduced derivative of MEQ (Liu and Sun, 2013; Huang et al., 2015; Liu Q. et al., 2016) . Previous studies revealed that N1-MEQ exhibited adrenal toxicity in H295R cells (Wang et al., 2016c) and genotoxicity in mice (Liu Q. et al., 2016) . The connections of sperm abnormality with genotoxicity (Jagtap et al., 2014; Devaux et al., 2015; Dong et al., 2015; Das et al., 2016; Liu W. et al., 2016) and sex hormones Cremonese et al., 2017; Ring et al., 2017) were well recognized. Commonly, alterations of sex hormones and steroidogenic pathways are associated with the function of the adrenal gland (Sohn et al., 2016) . Therefore, apart from oxidative stress, the genotoxicity and adrenal toxicity may also participate in the sperm morphology, as evidenced by our observations in TEM analysis (Figure 11) .
Interestingly, there are two metabolites of MEQ (M4 and M8) detected in the serum, while only M4 could pass through the BTB and appear in the testis, suggesting a higher degree of reproductive toxicity of M4 than M8. Besides the traditional O 2
•− and HO • , the crucial oxygen-sensitive radical intermediates during the metabolism of QdNOs were found to be closely related to mutagenicity (Ganley et al., 2001) , antibacterial activity and hypoxic cytotoxin (Junnotula et al., 2009; ElKhatib et al., 2010) caused by QdNOs. Additionally, the varying degree of toxicity of QdNOs contributed to the lasting-time of ROS (Wang et al., 2015b) and the stability of the radical intermediates (El-Khatib et al., 2010) . Therefore, the stability of the radical intermediates plays a critical role in the toxicity FIGURE 11 | The proposed mechanisms of reproductive toxicity in mouse caused by MEQ. The oxidative damage occurs via reduction of the N→O group of MEQ, which causes mitochondrial dysfunction and sperm abnormality. M4 passed through the BTB with a disruptive effect on BTB via alteration of the related genes (e.g., TGs, GJs and basal ESs). The disrupted BTB further resulted in the invasion of M4 into the testes to exert the toxic effect on the mitochondria and spermatogenic cells. The adrenal toxicity and genotoxicity caused by N1-MEQ, may contribute to sperm abnormalities.
FIGURE 12 | The proposed metabolic pathways of MEQ in male mouse to better understand the higher reproductive toxicity of M4 compared to M8. The production of M4-R and M8-R intermediate radicals, as well as O 2
•− and OH • occurs via reduction of the N→O group of MEQ. Close to an electron on the quinoxaline ring, a methyl and a hydroxyl were found in M4-R, while two hydroxyl groups were noted in M8-R.
induced by MEQ in vivo (Liu et al., 2017) . M4 and M8 were generated from MEQ via intracellular single deoxidation and the hydroxylation of side chains, accompanying the production of ROS including O 2
•− and HO • (Figure 12) . Then, M4 and M8 undergo one-electron enzymatic reduction to yield highly reactive intermediates radicals of M4-R and M8-R, respectively.
As is already known, methyl and hydroxyl are electron donors and electron-withdrawing groups, respectively. Close to an electron on a quinoxaline ring, a methyl and a hydroxyl were noted in M4-R, while two hydroxyl groups were seen in M8-R, suggesting a uniform distribution of the electron cloud in M4-R. Therefore, M4-R, which resulted from the addition of an electron to C3 of MEQ, is more stable, by resonance, and causes longer lasting and increased damage to the testis than M8-R, resulting from the addition of an electron to the C2 of MEQ. This may be an important reason for the higher reproductive toxicity of M4 than M8. Furthermore, this finding throws new light onto the drug intermediate radicals and organ toxicity of QdNOs.
To further reveal the possible mechanism responsible for the disruption of BTB caused by M4, the mRNA expression levels of BTB-associated junctions in the testis were evaluated. The results demonstrated that after exposure to MEQ for 18 months, the following mRNA expression of BTB-associated junctions was down-regulated: (1) basal ESs mRNA: N-cadherin, α-catenin and β-catenin; and (2) TJ integral membrane mRNA: CAR (25 and 110 mg/kg groups), Occludin (25 and 110 mg/kg groups) and ZO-1 (25 and 55 mg/kg groups) (Figure 10) , while the mRNA expression of F11R and connexin-43, which belongs to TJs and GJs, respectively, were increased in all MEQ exposure groups (Figure 10) . Although there is lack of (clear) dose response, the results are considered relevant as many factors may have contributed on the expression of mRNA. These findings indicated that the high level of F11R and connexin-43 expression may be a cellular protective response to MEQ reproductive toxicity (Figure 11) . The integrity of the BTB is based on various junctions including basal ESs (N-cadherin, α-catenin and β-catenin), GJs (Connexin-43), and TJs (CAR, F11R, Occludin and ZO-1), to provide structural and nutritional support to germ cells (Cheng et al., 2011; Zhang et al., 2016) . The immunological and "fence" function of BTB is to facilitate spermiogenesis and spermiation during the epithelial cycle (Cheng and Mruk, 2012; Qiu et al., 2013) . Therefore, the disruptive effect of MEQ on BTB was initially mediated by suppression of the basal ESs and TJsmRNA expression (Figure 11) . The current result also suggested that the basal ESs and TJs might be the targets for M4 and the destroyed BTB further resulted in the invasion of M4 and other harmful substances into the testes to exert toxic effects on mitochondrion and spermatogenic cells.
CONCLUSION
The present study confirmed that M4 and M8 were potentially major toxic metabolites in oxidative damage in vivo, and demonstrated that the oxidative stress and metabolite M4 were involved in the reproductive toxicity in male mice after the administration of MEQ for 18 months. M4 passed through the BTB to interfere in spermatogenesis with the TJ-and basal ES-associated junctions as macromolecular targets. The higher reproductive toxicity of M4 than M8 might derive from the increased stability of M4-R than the radical that resulted from the M8. It is fascinating to pay more attention to the relationship between the oxidative stress, intermediate radicals and organ toxicity mediated by QdNOs. The genotoxicity and adrenal toxicity may contribute to the sperm abnormity caused by MEQ. Moreover, the current study also revealed that the mitochondrial dysfunction and spermatogenesis deficiency were induced by MEQ, and the further study needs to be conducted to investigate the underlying molecular mechanism.
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